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Internal Gravity Waves

(not gravitational waves)

* \Waves for which the restoring force
IS gravity

* Occur in any stably-stratified
(radiative) region
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Massive Stars
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e |Intermediate and Massive stars
have convective cores and
extended radiative envelopes

e SOome massive stars have
additional tenuous convective
envelopes
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Why We Care

Gravity Waves Transport
Angular Momentum and Mix
Species
which leads to Rotational
and Chemical Evolution of
the Star
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Simulations of IGW

IGW dynamics depend strongly on the spectrum generated by convection, therefore we need
to simulate both convection and wave propagation simultaneously. Furthermore in massive
star conditions some waves may break, again requiring simulation for adequate modeling.
Simulations are required but are difficult because of vast range of length and timescales.



Numerical Model

We solve the full set of hydrodynamic equations in * Some waves make it to the surface with
the anelastic approximation in 2D representing an  sufficient amplitude to break

equatorial slice of the star . .
. - Wave breaking is accompanied by angular

Our reference state model is taken from the momentum transport
Cambridge STARS 1D stellar evolution code for a
3Msun star: ~inner 15% convection+radiative
envelope

« Angular momentum transport causes
surface rotation to change

The Basic Physical Picture + Leads to enhanced mixing

Turbulent convection generates IGW at the C AV E ATS

convective-radiative interface: get spectrum of

waves « Since we have a realistic temperature
gradient and our diffusion coefficients are
too large: in some we force the
convection harder - higher luminosity

* wave amplitude increases because of than 3Msun star
decreasing density

As waves propagate outward toward the surface,
their amplitudes are affected by two main effects:

« Our convective velocities are ~10 x larger

 wave amplitude decreases because of than mixing-length theory would predict,
radiative dissipation however surface amplitude not larger



Convectively driven
waves in massive stars
(sometimes) cause
surface to spin
retrograde

Vorticity is shown:
White-prograde flow
Black-retrograde flow

Rogers et al
(2013)
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Results:
Angular Momentum Transport by IGW




Wave Amplification and
Breaking at Surface

Waves generated at surface

* Large scale waves generated at the :
by breaking

convective-radiative interface

4.0e+02

* Only the largest scale survive Lor
through the bulk of the interior |
(depending on frequency)

(o) - / (b)

o
o
1

At surface, smaller scales are
generated-> indicative of wave
breaking

Radius (R/R,)

1.3e+

o
>

0.2 I T T 0.0e+

0 50‘” - 100 150 0 — 5CI) = 100 150
/ Wavenumber

Waves generated at convective-
radiative interface

2.7e+02F A




Angular Velocity
—volution

Angular Velocity (s™')

e Shear layer develops first at the
surface then migrates toward the
source in time

* |nitial development is due to wave
breaking, followed by critical layer

formation and absorption ) _
~ 6.90x10}¢
. . xx
e Convection zone starts to spin ~
(predominantly) with the opposite 3
. . O :
sense as radiative envelope (to o ,
conserve AM) % e B o wm m

1.13x10™

* Rapid AV variation in short time,
conservative extrapolation ~103-104
rotation period

7.45x107%}

3.63x107%|

* However, it is unclear whether this
will reverse (as in QBO) or tend
toward a steady differential rotation

. -1.82x107% f 1
0 63 126 189 0 63 126 189

Time (P,.)
Rogers et al. 2013



Results:
Direct Comparisons to Observations

Although standing wave modes are readily observed in stars we have very few observational
constraints on propagating (and dissipating) waves, i.e. the ones responsible for angular
momentum transport and mixing. This is changing with recent asteroseismic detections.



CoRoT Brightness Variation (mmag)
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Brightness Variations in O-stars
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Simulations

Observations
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The most observed massive stars are B stars, which are dominated by heat driven g-
modes, difficult to pull out IGW signature.

O stars do not show heat driven g-modes, but show power excess at high frequencies

Accounting for variation in mass and conversion between observed brightness
fluctuations and velocity, spectra match well (except at lowest frequencies)

We found that numerical models which were differentially rotating (core-envelope)
matched observations better than uniformly rotating models
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Differential Rotation in Massive Main Sequence Stars

Using multiplets of g-modes
which probe convective-
radiative boundary and
multiplets of p-modes which
probe surface conditions,
can get a measure of core-
envelope differential rotation

Note: these are
all slow rotators

Star QC / Qe

HD 129929, B 3.6
(Aerts et al. 2003)

HD 29248, B 50

(Ausseloos et al. 2004)
HD 157056, B -1

(Briquet et al. 2007)

KIC 9244992, F 0.97
(Saio et al. 2015)

KIC 11145123, A/F 103

(Kurtz et al. 2014)

KIC 10080943a, F

(Schmid et al. 2015)

KIC 10080943b, F

(Schmid et al. 2015)

KIC 10526294, B

(Triana et al. 2015)

tentative but slightly
larger than 1

tentative but slightly
less than 1

-0.3




Observations of core-envelope

differential rotation in Intermediate and

Massive Main Sequence Stars

Simulation suite which had a single
fiducial (3Msun) model, varying initial
rotation rate and convective flux

Low Flux/Low Rotation models
give ./, ~ 1 — 5similar to most
of the observations

Low Flux/High Rotation models
have ./ ~ 1
but notably, not exactly 1

High Flux/Low Rotation models
show retrograde surface flows
which are larger than core (KIC
10526294)

High Flux/High Rotation models

show prograde
surface flows which are larger than
core

0.40

o
o
o

0.20

Relative Frequency

0.10

0.00

I \
Low Flux

Low Rotation

-20 -10

0.15

Relative Frequency
o
o

0,05

0.00

10

(o)

\ \
High Flux

Low Rotation

Relative Frequency

Relative Frequency

0.12

©
o

o
o
@

T
Low Flux
| High Rotation

I

I

Rogers 2015

) |

M8

= x
High Flux
High Rotation

I




10526294

- Used 19 g-mode multiplets,

3.25 Msun star did full inversion
to recover differential rotation,
first time done in a star
other than the Sun

- Found that the envelope is

spinning faster than the core
and in the opposite direction

Differential Rotation in KIC
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Results:
Chemical mixing by Waves




15 Mean radius 5.48e+10 m, D=6.01e+08 cm”2/s

x 10

Mean radius 1.04e+11 m, D=1.36e+11 cm”2/s

x 10
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log diffusion coefficient

x10

10

Asteroseismology can now place
constraints on mixing within the
radiation zone
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3D Simulations









Future:

More 2D simulations of different masses/
larger parameter space to better
constrain spectra, surface spectra,
angular momentum transport and mixing
as a function of stellar mass and age
(Rathish Ratnasingham)

More direct comparisons to observations g

- currently trying to do more |
sophisticated line profile calculations
(Tkachenko), pre-whiten B-stars to look
for IGW signature and combing Kepler
data base for more stars (Bowman) with
multiple multiplets to measure internal
differential rotation (Aerts group)

3D simulations sparingly to confirm/test
Important results, understand latitudinal
structure (Philipp Edelmann)



